Although tripchlorolide (TC), a compound purified from a Chinese herb Tripterygium Wilfordii Hook, has been demonstrated to be a potent antitumor agent, its mechanisms of action are unknown. The present study shows that TC induces apoptosis of Chinese Hamster Ovary (CHO) cells. Most strikingly, TC was particularly potent in inducing apoptosis of the UV41 mutant CHO cells, which are deficient in the ERCC4 gene encoding a nucleotide excision repair protein. TC caused a higher level of DNA damage in UV41 cells than those in the wildtype CHO cells or EM9 cells, which are deficient in single-strand break repair. These results provided a critical link between apoptotic hypersensitivity and DNA damage in defective nucleotide excision repair pathway of UV41 cells by TC treatment. Further analysis showed that degradation of the c-Myc protein in TC-treated UV41 cells was much stronger than those in the wild-type CHOAA8 and the EM9. A proteasome inhibitor, MG132, reduced both the degradation of c-Myc and apoptosis in TC-treated UV41 cells. Expression of exogenous c-Myc also inhibited apoptosis of TC-treated UV41 cells. These results indicate that c-Myc degradation induced by DNA damage in the presence of TC contributes to induction of apoptosis of UV41 cells.
Introduction
DNA-repair systems maintain the integrity of genomes and participate in prevention of tumorigenesis. In metazoan cells, several DNA-repair mechanisms such as nucleotide excision repair or base excision repair have been developed to deal with different DNA lesions caused by extrinsic or intrinsic assaults (Lindahl and Wood, 1999) . During the 1960s and 70s, a series of DNA-repair mutants in Chinese Hamster Ovary (CHO) cells were isolated by Thompson's lab, which have greatly helped studies of DNA-repair pathways (Thompson, 1998b) . For example, a UV-sensitive CHO cell line, UV41, was identified as a mutant of nucleotide excision repair and a human ERCC4 gene, encoding a human nucleotide excision repair protein, can correct the defect of UV41 cells (Thompson et al., 1981; Brookman et al., 1996) . Another CHO mutant, EM9, considered to be one of the best characterized Xray-sensitive rodent cell lines available for research, is defective in single-strand break repair and can be corrected by a human XRCC1 gene (Thompson et al., 1982 (Thompson et al., , 1990 .
Another way developed by metazoans to prevent cancer progression is to activate the apoptotic pathway in order to eliminate cells whose DNA has been damaged. However, it is not yet clear how DNA damage induces apoptosis. On the one hand, the p53 tumour-suppressor gene has been implicated in playing an important role by activating apoptotic genes such as Bax or NOXA when the genomic DNA is damaged (Vogelstein et al., 2000) . On the other hand, a recent work showed that the c-myc proto-oncogene was required for DNA damage-induced apoptosis in the G2 phase of rat embryo fibroblast cells (Adachi et al., 2001) . c-Myc is known to be able to regulate apoptosis. Inappropriate up-or down-regulation of c-Myc can induce apoptosis under certain circumstances (Evan et al., 1992; Thulasi et al., 1993; Gibson et al., 1995; Sonenshein, 1997) . Furthermore, through inhibiting the transcription of the Cdk inhibitor p21, c-Myc regulates the outcome of the p53 response to DNA damage (Seoane et al., 2002) .
Many cancer-chemotherapeutic agents can inhibit tumorigenesis by inducing apoptosis (Kaufmann and Earnshaw, 2000) . Extracts of a Chinese herb Tripterygium Wilfordii Hook was shown to have antitumor activities against leukemic and other tumor cells (Kupchan et al., 1972; Zhang et al., 1981) . Recent studies showed that a purified compound from the extracts, triptolide, can enhance chemotherapy-induced apoptosis through blocking p21-mediated growth arrest, or cooperate with tumor necrosis factor-a to induce apoptosis in tumor cells (Lee et al., 1999; Chang et al., 2001) . The present study analysed the apoptotic molecular mechanism of a derivative of triptolide, tripchlorolide (TC) (Lu et al., 1990) . The results showed that TC is particularly potent in inducing DNA damage of UV41 cell line, in which the degradation of c-Myc resulted from DNA damage involved in the activation of apoptotic CHO cells.
Results and discussion
Induction of apoptosis and DNA damage by TC To examine whether TC directly induces apoptosis, we administered TC to the wild-type CHO AA8 and the DNA-repair mutants CHO cells UV41 and EM9. Apoptotic cells after TC treatment were measured by flow cytometric analysis of sub-G1 DNA region (below the G0/G1 peak) and Annexin-V staining cells (Vermes et al., 1995; Sgonc and Gruber, 1998) . We found that apoptosis of all three CHO cell lines was detected in the presence of TC for 16 h (Figure 1a, b) . Interestingly, the amount of apoptosis of UV41 was much higher than that of CHOAA8 and EM9 (Figure 1a, b) .
Since UV41 cell line is known to be defective in the nucleotide excision repair protein and UV sensitive (Thompson et al., 1981) , we measured the levels of DNA damage in the presence of TC. Comet assay revealed that EM9 cells had similar amounts of DNA strand breaks comparing to wild-type of CHOAA8 cells when the cells were treated with TC for 3 or 6 h, whereas the level of DNA strand breaks of UV41 cells was significantly higher after the same treatment ( Figure 1c ). These results indicate that the apoptosis induced by TC is tightly correlated with DNA damage, and the more DNA damage of the cells, the more apoptotic cells were induced. Furthermore, it suggests that DNA lesions caused by TC is similar to UVinduced DNA damage.
Degradation of c-Myc by TC-induced DNA damage involved in apoptosis
Since it was known that the p53 gene was mutated in CHO cell lines (Lee et al., 1997) , we examined the expression of the c-Myc protein in these three CHO cell lines in the presence of TC. The level of c-Myc in TCtreated UV41 cells was reduced significantly when compared with those in CHOAA8 and EM9 (Figure 2a) . It has been known that the level of c-Myc protein should be controlled to prevent genomic instability (Dang, 1999) . A recent report showed that overexpression of c-Myc can directly induce DNA damage through increasing reactive oxygen species (Vafa et al., 2002) . On the other hand, DNA damage may result in the degradation of c-Myc. The result of Figure 2a indicates that the degradation of c-Myc is linked to DNA damage induced by TC since there was higher level of DNA damage in TC-treated UV41 cells (Figure 1c) .
In order to analyse the dynamics of c-Myc degradation in the presence of TC, we exposed the exponential UV41 cells to TC for different durations. The data of Western blotting assay revealed that the reduction of c-Myc level was dependent on the length of TC treatment in a linear fashion (Figure 2b ). Furthermore, flow cytometrical analysis of sub-G1 DNA region in TC-treated UV41 cells showed that the accumulation of apoptotic cells was also time-dependent ( Figure 2c ). Several studies found that lowered c-Myc content in different cell systems such as Jurkat cells or B-lymphoid cells led to apoptosis (Wood et al., 1994; Sonenshein, 1997 ; and reviewed by Thompson, 1998a) . Taken together, the present results indicate that the reduction of c-Myc level by DNA damaging agents TC is closely correlated with cellular apoptosis.
TC-induced degradation of c-Myc through ubiquitin-proteasome pathway
It has been known that c-Myc is a short-lived protein with a half-life of approximately 30 min in growing cells (Thompson, 1998a) . c-Myc is destroyed via the ubiquitin-proteasome system (Flinn et al., 1998; Salghetti et al., 1999) . In this system, particular proteins are conjugated with a degradation-label protein, ubiquitin, by ubiquitin-specific enzymes, and then destroyed by a 26S proteasome (Varshavsky, 1997; Kornitzer and Ciechanover, 2000) . In order to test whether the c-Myc degradation in TC-treated UV41 cells is ubiquitinproteasome dependent, we used the proteasome inhibitor MG132, which is widely used for the inhibition of ubiquitin-mediated protein degradation (Tajima et al., 2001; Deroo et al., 2002) . Figure 3a showed that MG132 inhibited the decrease of c-Myc protein induced by TC treatment.
Since MG132 inhibits the activities of 26S proteasome rather than the conjugating reaction between the proteins and ubiquitin (Lee and Goldberg, 1998) , ubiquitin-conjugated c-Myc was enriched in the presence of MG132 ( Figure 3b , compare lanes 1 and 2), which was uncovered by immunoprecipitation assay (see Materials and methods). Moreover, a significant increase in ubiquitin-conjugated c-Myc was detected when the cells were treated with TC ( Figure 3b, lane 3) , supporting the view that TC-induced degradation of cMyc is via the ubiquitin-proteasome pathway. In addition, TC-induced degradation of c-Myc was also detected in the cells treated with a protein synthesis inhibitor, cycloheximide (Figure 3c ), suggesting that the process of protein synthesis does not involve in the c-Myc degradation induced by TC treatment. Taken together, these results indicate that c-Myc level decrease in TC-treated UV41 cells is caused by proteasomemediated pathway.
Reduction of apoptosis by either inhibiting c-Myc degradation or overexpressing c-Myc
If the degradation of c-Myc results from TC-induced DNA damage and involves in the induction of apoptosis of TC-treated UV41 cells, inhibiting the degradation of c-Myc should not change the degree of DNA damage (Figure 4a ), whereas the degradation of c-Myc was inhibited (Figure 3a) . These results supported the view that cMyc degradation was induced by DNA damage in the TC-treated UV41 cells. Furthermore, the inhibition of cMyc degradation reduced the apoptotic response of the TC-treated UV41 cells (Figure 4b ), supporting the conclusion that c-Myc degradation is involved in activating apoptosis in the TC-treated CHO cells (see above).
The proapoptotic protein Bax, a member of Bcl-2 family, is translocated from cytosol into mitochondrion upon the apoptotic stimuli, and this translocation results in the release of cytochrome c from mitochondrion and the activation of caspases (Yang et al., 1997; Chao and Korsmeyer, 1998; Marzo et al., 1998) . To examine whether Bax and cytochrome c are required for TCinduced apoptosis of CHO cells, cytosolic proteins were separated from cellular organelles (including mitochondria and nuclei) by the digitonin-permeabilization assay and detected by immune-blotting (Gottlieb and Granville, 2002) . Bax protein was translocated from cytosol into mitochondrion, while cytochrome c was released into cytosol in TC-treated UV41 cells (Figure 4c , compare lanes 5, 6 and 2, 3). As a control, the protein Cox 4 remained in mitochondria with or without TC treatment (Figure 4c , compare lanes 5, 6 and 2, 3). In addition, treatment of MG132 partially inhibited both the translocation of Bax and the release of cytochrome c (Figure 4c , compare lanes 8, 9 and 5, 6), which is in agreement with the data of Annexin V analysis (Figure 4b ). To further test the idea that reduction of c-Myc protein level is involved in the apoptosis of TC-treated UV41 cells, UV41 cells were transiently transfected with a vector containing a human c-myc fused to the green fluorescent protein (GFP), in which the transfection efficiencies of GFP or c-Myc-GFP were 75-85% (see Figure 5a , left panel). Overexpression of c-Myc was detected by Western blotting assay (Figure 5c ). Flow cytometrical analysis of sub-G1 DNA region in TCtreated UV41 cells showed that there was a higher amount of apoptotic cells in the cell transfected with only GFP than that of the cells transfected with c-Myc-GFP (Figure 5a) . Furthermore, the amount of condensed nuclei, which is indicative of apoptotic cells, was increased about seven-fold after TC treatment when the UV41 cells expressed the exogenous GFP-c-Myc protein, whereas the level of condensed nuclei was increased up to 14-fold when the TC-treated UV41 cells contained only GFP but not c-Myc (Figure 5b) . These results indicate that the overexpression of c-Myc can inhibit the induction of apoptosis of TC-treated UV41 cells. Taken together, our results support the conclusion that TC is particularly potent in inducing apoptosis of UV41 cell line, which is defective on nucleotide excision repair, and the proteasome-mediated degradation of c-Myc resulted from DNA damage is involved in the induction of apoptosis of CHO cells.
Materials and methods

Cell culture
Three CHO cell lines, CHOAA8, EM9 and UV41 (purchased from ATCC), were cultured in alpha modified Eagle's medium (Gibco-BRL) supplemented with 10% fetal bovine serum (Gibco-BRL), 100 mm non-essential amino-acids solution (Gibco-BRL) at 371C in a 5% CO 2 .
Preparation of cytosolic and mitochondrial extracts by digitonin treatment
Cells were harvested and resuspended in a buffer (20 mm HEPES-KOH, pH 7.3, 110 mm KAc, 5 mm NaAc, 2 mm MgAc 2 , 1 mm EGTA) containing 200 mg/ml digitonin (Calbiochem-Novabiochem) on ice for 10 min. The permeabilized cells containing cellular organelles including mitochondria and nuclei were pelleted by centrifugation, and the supernatants were collected as cytosolic fractions.
Flow cytometric analysis
Cells were harvested and fixed with 70% ethanol. The cells were then incubated with 500 mg/ml RNase at 371C for 30 min and stained with 20 mg/ml propidium iodide (Sigma). The DNA content of the cells was detected with a FACScan (Becton Dickinson). Flow cytometric analysis with Annexin V-FITC was performed according to the manufacturer's instructions (Roche). For the flow cytometrical analysis of transfected cells, the cells were fixed with paraformaldehyde and analysed for DNA content and GFP fluorescence with a FACScan.
Immunoblotting and immunoprecipitation
Intact cells, supernatants and the pellets of digitonin-treated cells were added with the loading buffer (50 mm Tris, pH 6.8, 100 mm DTT, 2% SDS, 10% glycerol and 0.1% bromophenol blue), respectively. Approximately 15 mg protein of each sample was subjected to SDS-PAGE gel. Immunoblotting was carried out with antibodies (anti-c-Myc, anti-Actin, antiCytochrome c, anti-Bax and anti-Ubiquitin from Santa Cruz Biotechnology, anti-Cox4 from Clontech). The proteins were detected by enhanced chemiluminescence (ECL, Amersham Pharmacia Biotech).
In ubiquitin-immunoprecipitation experiments, the UV41 cells were treated with 20 ng/ml TC for 16 h, and then treated with 20 mm MG132 for 2 h before cell lysis. The cells were lysed in hot buffer containing 1% SDS in PBS in order to prevent Figure 3a . The whole-cell lysates (lanes 1,4 and 7), the cytosol fractions (lanes 2, 5 and 8) and mitochondria-containing fractions (lanes 3, 6 and 9) were subjected to immunoblot analysis with antibodies against cytochrome c (Cyto c), Bax and Cox4 (cytochrome c oxidase subunit IV) c-Myc degradation induced by DNA damage causes apoptosis M-R Jiang et al isopeptidase activity as described by Strous et al. (1996) . The lysate was heated at 1001C for 5 min, sheared to break DNA and centrifuged for 5 min at 10 000 g. Immunoprecipitations were carried out in 1% Triton X-100, 0.5% SDS, 0.25% sodium deoxycholate, 0.5% bovine serum albumin, 1 mm EDTA, 2 mm Na 3 VO 4 , 0.1 m NaF, 10 mg/ml leupeptin, 10 mg/ ml pepstatin, 1 mm PMSF in PBS. The mixtures were incubated first with anti-c-Myc antibody at 41C for 2 h, and then incubated with protein A-agarose (Santa Cruz Biotechnology). The immunoprecipitates were washed twice with the same buffer and once with 10-fold diluted PBS. The immunoprecipitates were added with 20 ml 2 Â SDS loading buffer, and then immunoblotted with anti-Ubiquitin antibody or anti-c-Myc antibody.
Comet assay
The Comet assay was carried out as described by Jiang et al. (2001) . Briefly, the cells were suspended in low melting point agarose in PBS at a final concentration of 0.5% at 371C and loaded onto a slide precoated with a layer of 0.5% agarose. The slides were immersed in a lysis buffer (2.5 m NaCl, 100 mm Na 2 EDTA, 10 mm Tris, pH 10.0, 1% N-lauroyl-sarcosine, and 1% Triton X-100) at 41C for 1 h. Slides were then placed on a horizontal gel electrophoresis unit containing 0.3 m NaOH, 1 mm Na 2 EDTA for 20 min. Electrophoresis was conducted for the next 20 min at 300 mA at an ambient temperature of 41C. The slides were stained with 1 mg/ml ethidium bromide for 20 min, and then checked immediately with a microscope. The proportion of the cells with damage (i.e., those exhibiting migration versus all the cells) was scored.
Transiently transfection of UV41 cells UV41 cells were transiently transfected with pEGFP-C1 or pEGFP-C1-c-myc genes by using Nucleofector technology. The electroporations were performed using Nucleofector kit T according to the manufacturer's instructions (Amaxa Biosystems, Koeln, Germany). c-Myc-pEGFP-C1 expressing c-Myc-GFP fusion protein under the control of the cytomegalovirus promoter was constructed by using a full-length human c-myc cDNA inserted into the vector pEGFP-C1 (Clontech). As control, UV41 cells were also transiently transfected with pEGFP-C1. The overexpression of c-Myc was identified with Western blotting assay. The transfection efficiencies of GFP or c-Myc-GFP were 75-85%.
Abbreviations CHO, Chinese Hamster Ovary; DAPI, 4 0 ,6 0 -diamidino-2-phenylindole; TC, tripchlorolide; GFP, green fluorescent protein.
